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During keratinocyte maturation, individual cells un-
dergo an orderly succession of biochemical and struc-
tural changes. In certain skin disorders alterations in 
keratinocyte numbers, volumes, and epidermal skin 
thickness occur. To assess such alterations and to pro-
vide base line values for normal human epidermis, a 
computer assisted histologic technique was developed. 
Skin biopsies were taken from normal skin on the 
forearm, back and thigh of 6 adult men. Whole specimens 
of epidermis were separated from the dermis with col-
lagenase, fixed, stained, and mounted for microscopic 
examination. From the three dimensional coordinates of 
epidermal nuclei, epidermal cell volumes, surface den-
sity of epidermal cells, and epidermal thickness were 
determined. Measurement of cell volumes in this way 
compared favorably with electronic cell sizing of disag-
gregated epidermal cells in matched samples. The mean 
densities of nucleated cells per 104 p.2 surface area were 
452, 483, and 487 for the forearm, back and thigh respec-
tively. This technique will be used to make similar as-
sessments in disorders of abnormal keratinocyte matu-
ration. 
Keratinocyte volumes, keratinocyte populations and three 
dimensional epidermal structure play an important role in 
dermatologic investigation. Although biochemical studies are 
reported on the basis of epidermal weight, DNA, and protein 
content, epidermal matabolism occurs at the level 9f single 
keratinocytes. To determine epidermal cell turnover times by 
compartmental analysis, quantitation of the populations in each 
compartment is required [1-3]. The processes which control 
epidermal proliferation and maturation are reflected in epider-
mal compartment populations, epidermal thickness, and indi-
vidual cell volumes [ 4- 7]. 
Previous studies of cell populations and epidermal dimen-
sions have been based on thin histologic sections [8-11]. This 
technique requires numerical coiTections [12] and considerable 
labor, particularly when it is extended to serial sections. Precise 
analyses of epidermal cell dimensions in histologic sections have 
been pe1formed by stereology, a difficult technique which relies 
on thin sections, but no assessment of cell populations has been 
made [13-15]. 
We have developed a computer assisted technique to deter-
mine cell populations, individual cell volumes, and epidermal 
dimensions in fixed whole mounts of epidermis. Epidermal 
thickness and epidermal keratinocyte populations were deter-
mined directly, and cell volumes were calculated from the three 
dilnensional location of all cell nuclei. Statistical assumptions 
and potential artifacts of this method are discussed. 
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MATERIALS AND METHODS 
Subjects 
Six male patients on the Dermatology Service at the Miami Veterans 
Administration Hospital were selected on the basis of skin diseases 
limited to the face or feet. Each gave informed consent and was biopsied 
at 3 normal sites: (a) volar forearm , (b) upper back, and (c) upper, 
lateral thigh. The 6 subjects ages were 50, 72, 46, 61, 67 and 60 
respectively. 
Epidermal Whole Mounts 
For human skin, thin free-hand 4 X 4 mm scapel biopsies were taken 
under local 1% Xylocaine anesthesia and were placed in RPMI-1640 
(Roswell Park Memorial Institute-Gibco Co.) medium. For pig skin, 
0.3 mm thick keratome strips measuring 3 X 4 em were taken with a 
motor driven Castrovievjo keratome from the backs of domestic pigs 
and were also placed in RPMI-1640 medium. After 15 min the biopsies 
were incubated in the same medium containing 1 mg/ ml crude bacterial 
collagenase (Sigma) for 30-60 min at 37°C. After incubation, light 
tension with 2 pairs of forceps caused a complete separation at the 
epidermal-dermal interface. If the incubation was continued more than 
1 hr, individual keratinocytes appeared in the incubation medium. 
Dermal-epidermal separation using 2 N NaBr and other ionic solu tions 
was attempted but discarded because nuclear morphology became 
distorted and the entire epidermal sheet appeared shrunken. Separated 
epidermal specimens were placed under a cover glass to prevent curling 
and were fixed in acidic Bouins solution for 2 hr [16]. They were t hen 
rinsed for 2 days in 4 changes of 70% ethyl alcohol. Specimens were 
stained with aqueous iron hematoxylin, then were cleared slowly 
through absolute alcohol to xylene, and were mounted, basal layer up, 
on microscope slides. Epidermis prepared in this manner could be 
studied at all powers with transmission light microscopy. The stratum 
corneum became transparent with adequate xylene clearing, and epi-
dermal cell boundaries became imperceptable. The nuclei stained well 
and were seen easily. 
Keratinocyte Suspensions 
Pig keratinocyte preparations were made from 0.3 mm thick Castro-
vievjo keratome strips of skin from the back. These strips were cut to 
3 x 3 em squares and were incubated at 37°C for 30-45 min in 
Dulbecco's phosphate-buffered saline (PBS) (Gibco), to which crude 
bacterial collagenase (Sigma, 1 mg/ml), ethylenediaminetetraacetate 
(EDTA) (10 - 5M), and glucose (1 mg/ml) were added. Dermal-epider-
mal separation was accomplished by light traction with forceps. Epi-
dermal sheets were placed onto glass slides (stratum corneum side up), 
The stratum corneum was carefully blotted dry, and a 3 X 3 em square 
of cellophane adhesive tape was applied to the stratum corneum. 
Human epidermal sheets were obtained from the roofs of suction 
blisters raised with an apparatus which applied a suction of 25 em Hg 
and maintained a suction chamber temperature at 40°C for 45-60 min. 
Histologic sections of the blister roofs confirmed the subepidermal 
location of the cleavage. The epidermal sheets were next incubated at 
37°C for 30 min with constant stirring in PBS to which bovine pan-
creatic trypsin (Calbiochem, A grade, 2.5 mg/ ml), EDTA (10 - oM) , and 
glucose (1 mg/ml) were added. Trypsinization released all nucleated 
epidermal cells into suspension, leaving a sheet of stratum corneum 
behind. The cell suspensions were then passed through a nylon mesh 
with openings of 0.1 X 0.1 mm to remove debris and large cell clumps. 
Smaller clumps were broken up by syringing the suspensions gently 
through a 20-gauge needle several times. The cells were pelleted by 
centrifugation, resuspended in PBS with EDTA (10 - oM) and glucose 
(1 mg/ml), and syringed again. The result was a nearly monodispersed 
cell suspension. Five ml of this suspension was slowly added to 20 ml of 
Bouin's fixative with constant stirring. After 1 hr of fixation, the cells 
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were pelleted by centrifugation and resuspended in PBS with EDT A 
(10 - 5 M) and glucose (1 mg/ml) for electronic sizing. 
Cell Sizing: E lectronic 
A Coulter Counter model ZH with a 70 iJ. aperture tube was used for 
e lectronic sizing of suspended cells. In this device particles passing 
t hrough the aperture produce electronic signals whose amplitude is 
proportional to particle volume. These signals were recorded a nd 
displayed on a 100-channel Coulter Channelyzer. The apparatus was 
a djusted so that a linear range of volumes (as determined by part icles 
of known volume) with respect to channel number was obtained for 
particles up to 1050 iJ.a in volume. 17,500 pig and 24,000 human keratin-
ocytes were counted. 
Cell Sizing: Epidermal Matrix 
At oil immersion power (1000 X), an aJ"ea to be counted was examined 
with a 10 division by 10 division square grid (American Optical Co. 
# 1408A) in the eyepiece. Each division measured 9.8 iJ. by 9.8 iJ. · The 
e n tire grid covered an area of 9600 iJ.2 . At this power most nuclei 
occupied 1/4 of the area in 1 small division and a portion of a repre-
sentative field is illustrated in Fig 1. The center of each nucleus was 
estimated in two dimensions to an accuracy of 1/ lOth of 1 division 
(approximately 1 iJ.). In this way, 2 coordinates were assigned for each 
nucleus. 
The depth of focus of the microscope used in this study at 1000 x 
magnification was approximately 3 iJ.· Nuclei outside of the 3 iJ. limit 
were imperceptable, and the a bsence of cytoplasmic stain permitted 
s ufficient transmitted light to see all epidermal nuclei as the plane of 
focus passed through the specimen. The vertical coordinate for the 
center of each nucleus was determined with a precision of 1 iJ. by reading 
t he vertical scale on the objective control. Care was required to prevent 
displacement of the specimen or eyepiece grid after beginning the 
examination since any displacement would distort the analysis. 
Interfollicular areas to be examined were chosen blindly. Between 
300 and 700 cells were counted in each area. To prevent missing or 
overcounting cells, all nuclei within each small division were counted 
systematically before proceeding to the next division. Basal cells were 
identified as the frrst cells encountered when the plane of focus passed 
into the inver ted epidermal specimen. Superficial cells were ident ified 
as those whose nuclei were flattened. Tlu·ee areas were examined in 
each biopsy specimen. Approximately 4 hr of technician or investiga-
tor's t ime was required to count each area. The 3 coordinates and the 
judgement whether that nucleus was basal, intermediate or superficial 
were recorded for each nucleus. Data were transcribed to data cards 
fo r entry into the computer. The analysis program was written in 
Fortran by one of use (PRB). 
Calibration 
Calibration of the square grid was accomplished with micrometer 
(American Optical Co. #400). Under oil immersion power (1000 X ), the 
square grid covered an area of 98 iJ. x 98 iJ. (9.6 x 103 iJ.2). To calibrate 
Frc 1. Epidermal nuclei as seen in whole mounts of epidermis at oil 
immersion power. A representative portion of the mount and super-
imposed optical grid are seen. Coordinates in 2 lateral dimensions were 
determined for each nucleus (see text). 
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FIG 2. Comparison of volume histograms of human epidermal cells. 
Stippled bars represent the histogram derived from electronic sizing. 
Solid bars represent the histogram derived from epidermal whole 
mounts. 
the vertical dimension, 19.5 iJ. diameter spherical ragweed pollen was 
soaked in xylene on a glass slide, covered with mounting medium and 
examined under oil immersion. Based on the grid, pollen grains mea-
sured, as expected, between 19 and 20 iJ. in diameter. Moving the plane 
of focus from t he top of a representative pollen grain to its bottom, 
registered a 20 iJ. displacement on the vertical scale, and this scale was 
consequently read directly for all measurements. Calibration in this 
manner avoided the theoretical problems in making optical measure-
ments tlu·ough media of differing refrac t ive indices [17]. 
Volume A nalysis 
The algorithms for volume analysis are summarized. Based on the 3 
coordinates each nucleus was assigned to a location in a three dimension 
matrix. In lateral dimension, there were 50 divisions, occurring at 1.96 
iJ. (98 ~t/50) intervals, and the lateral boundaries were the grid borders. 
In the vertical dimension, matrix divisions occurred at 2.00 iJ. intervals. 
Each set of coordinates when represented a volume of 7.68 iJ.3 (1.96 X 
1.96 X 2.00) which became the calibration factor. Vertical boundaries 
for th e specimen were then established. The upper boundru·y was 
defined as 2 iJ. above the center of the most superficial nuclei, and the 
lower boundary was defined as 4 iJ. below the center of the lowest 
nucleus in each of the 100 small grid divisions. Each epidermal matrix 
then included about 50,000 matrix coordinates (50 x 50 X 20). These 
coordinates were then assigned to the nearest nucleus. Cell volumes 
were defmed as the sum of all coordinates assigned to a nucleus, after 
multiplication by the calibration factor (7.68l). This method models 
epidermal cells as relatively cuboidal. Errors produced by this model 
ru·e minimal, even for populations of flattened or columnar cells, if 
there is a gradual transition from cells of 1 shape to cells of another 
within the matrix. In addition, th e mean volume for all cells within the 
matrix is unaffected by the model. T here would be considerable error 
in determining cell volumes if large cells were adjacent to small cells; 
overestimation of small cells and underestimation of large cells would 
result. Since there is a gradual transition in cell size in human and pig 
epidermis, this source of error was not a problem. 
RESULTS 
Comparison of Electronic Sizing with Matrix Sizing 
Figure 2 shows histograms for percentages of cells when 
categorized by their volumes. In t h e stippled bar histogram, 
human k eratinocyte volumes were measured electronically with 
the Coulter-counter. In the solid bar histogram, volumes were 
determined by the matrix technique on an adjacent specimen 
of skin. The upper boundary of this comparison was limited by 
the linear range of the Coulter Counter; therefore cells with 
volumes above 1050 l were excluded. Consequently, mean 
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volumes in this comparison are less than that reported for the 
6 subjects. The 2 histograms are similar as are the mean 
volumes: 482 p.3 for the electronic method and 452 p.3 for the 
matrix method. An identical comparison was made with pig 
skin. This histogram was also similar. The mean cell volumes 
were 473 p.3 for the electronic method and 452 p.3 for the matrix 
method. 
Nucleated Epidermal Cells 
The number of nucleated cells counted in the epidermal 
wl}ole mounts is summarized in Table I. Each value represents 
the mean of 3 individual counts of blindly selected 9600 p.2 
surface areas for each specimen. All values were increased 4% 
to represent a standard 10,000 p.2 (0.01 mm2) surface area. There 
is little variation in the number of nucleated epidermal cells 
among biopsy sites in a given individual. There is considerable 
variation between individuals. The mean deviation among the 
3 biopsy sites for a given subject is ± 25 nuclei. The mean 
deviation among the 6 subjects is ± 46 nuclei. In statistical 
terms, the intraclass correlation among biopsy sites is 0.65 (P 
= 0.003) and the intraclass correlation among subjects is -0.08 
(P = 0.599). In sum, nuclear population data varies more 
between patients than it does between the sites on each patient. 
Percentage of Basal Nuclei 
Table II lists the percentage of nuclei which are basal in each 
biopsy. Values represent the mean of 3 determinations. Overall, 
approximately 30% of nuclei are basal. Again, there is more 
variation for the 6 subjects than for the 3 sites on each subject. 
Epidermal Cell Volumes 
Table III lists the mean cell volumes for all nucleated epi-
dermal cells in each biopsy specimen. Values represent the 
mean of 3 determinations. Mean cell volumes were 771, 770 and 
820 p.3 for the forearm, back and thigh respectively. Mean 
volumes of all sites for each of the 6 subjects ranged from 692 
to 925 p.3• 
Table IV lists the mean cell volumes of nucleated epidermal 
cells when segregated into the following 3 relative anatomical 
positions: basal, intermediate, superficial. Values represent the 
mean of 3 determinations. With certain unexplained exceptions, 
TABLE I. Mean number of nucleated epidermal cells per J(f f.L2 
surface area in human slzin . Values are the mean of 3 









































TABLE II. Percentage of epidermal nuclei which are basal in 




Volar Forearm Upper back Lateral thigh 
1 25.8 26.3 27.8 26.6 
2 37.7 30.0 36.1 34.6 
3 34.0 26.9 31.9 34.3 
4 25.0 29.0 25.6 26.5 
5 34.4 32.2 32.3 33.0 
6 33.5 29.0 33.6 32.0 
Mean 31.8 30.6 31.2 
Vol. 70, No.5 
TABLE III. Mean (nucleated) epidermal cell volumes (JL 3). Value$ 
represent the mean of 3 determinations on each specimen 
Biopsy site 
Subject Mean 
Volar Forearm Upper back Lateral thigh 
1 749 768 910 809 
2 730 719 768 739 
3 846 721 864 810 
4 909 872 994 925 
5 784 663 628 692 
6 610 874 758 747 
Mean 771 770 820 
TABLE IV. Mean nucleated epidermal cell volumes at 3 anatomical 
levels: basal (B), intermediate (I), superficial (S) (JL3). Values 
represent the mean of 3 determinations on each specimen 
Biopsy site 
Subject Mean 
Volar Forearm Upper back Lateral thigh 
1 B 615 674 603 631 
I 720 726 876 774 
s 1173 1152 1671 1332 
2 B 558 559 574 564 
I 751 720 7.98 756 
s 1131 1183 1203 1172 
3 B 662 595 642 633 
I 825 689 854 789 
s 1316 1104 1434 1285 
4 B 856 634 696 729 
I 922 890 1026 946 
s 942 1266 1547 1252 
5 B 620 642 537 600 
I 778 656 634 689 
s 1206 814 918 979 
6 B 701 679 589 656 
I 573 871 722 722 
s 557 1275 1138 990 
Mean B 669 631 607 636 
I 762 759 818 779 
s 1054 1132 1319 1168 
TABLE V. Mean epidermal thiclmess (JL). The epidermis is defined as 
extending from 4 f.L below the center of basal cell nuclei to 2 f.L above 
the center of the most superficial nuclei. Values represent the mean 
of 3 determinations for each specimen 
Biopsy site 
Subject Mean 
Volar Forearm Upper back Lateral thigh 
1 44 44 52 47 
2 32 35 35 34 
3 34 29 38 34 
4 44 47 49 47 
5 35 27 31 31 
6 22 43 35 33 
Mean 35 37 40 
mean cell volumes increase approximately two-fold between 
basal and superficial locations, increasing from 669, 631 and 607 
to 1054, 1132 and 1319 for the arm, back and thigh respectively. 
Cell volumes of superficial cells may be an underestimate of the 
volume of granular and transitional cells because the boundary 
between intermediate and superficial is arbitrary and depends 
primarily on the flattened appearance of superficial nuclei. If 
cells at the highest levels of this superficial stratum are larger 
than others within it, their volumes may be underestimated 
significantly. 
Epidermal Thickness 
Table V summarizes measurements of epidermal thickness 
from the microscopic examination of epidermal specimens. The 
epidermis was defined as extending from 4 p. below the center 
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of basal cell nuclei to 2 fl. above the center of the most supe~cial 
uclei. Each value represents the mean of 3 determmatwns. ~here is considerably more variation among the 6 subjects than 
among the 3 sites on individual subjects. 
DISCUSSION 
Epidermal architecture is of interest from a number of stand-
points. Recent anatomic~ studies ~ave shown, fo~· example, 
that the epidermal cells m some anrmals [18] and m h~ans 
(19] may assume a pattel"I_l of tetrakaidecahe<?"al ~tacking. In 
a ddition quantitation of epidermal cell populatwns IS necessru·y 
for studies of epidermal proliferation based on compartmental 
analysis [1-3]. Biochemical studies of the epidermis also st~nd 
to benefit from quantitative data on cellular size and organiZa-
tion. Such studies are often based on tissue weight, protein, or 
DNA content, even though epidermal metabolism occurs at the 
level of single keratinocytes [20]. In order to translate such ?ata 
into the perspective of single cell events, knowledge of epider-
mal compartment populations, epidermal thickness, and indi-
vidual cell volumes is essential. 
Epidermal cell populations may be determined from micr~­
tome sections, but cru·e is necessary to prevent systematic 
artifacts. Components with relatively large diameters perpen-
dicular to the plane of section are systematically ovenepre-
sented, because they are likely to be included in more than one 
section. Abercrombie recognized this commonly neglected prob-
lem and derived a conection formula which is based on com-
ponent diameters and section thickness [12]. This en-or does 
not occur in whole mounts of tissue. 
Whole mounts of skin avoid these problems and have been 
u sed in counting cells and mitoses [21]. Medawar [22] in his 
classic treatise on the anatomy of the human epidermis dis-
cussed epidermal melanocyte counts but did not include kera-
tinocyte counts. Likewise, Szabo [23] counted melanocytes in 
numerous body regions and even listed ratios of melanocytes to 
keratinocytes, but stated neither the method of counting kera-
tinocytes nor the results of these counts. Our study is the first 
assessment of cell volumes, epidermal dimensions and cell 
populations in whole mounts of n~rmal ~uman s~in. . . 
A potential source of en-or with this techmque IS tissue 
slu·inkage during fixation . Such enors are not constant from 
tissue to tissue or from technique to technique [24]. In general, 
shrinkage is greatest with anhydrous fixatives . Acetic acid is 
frequently included to swell tissue and consequently to offset 
shrinkage [25], Bouins fixation (formalin, picric acid and acetic 
acid) was used in this study to minimize this potential error. 
Since melanocytes in these whole mounts are indistinguish-
able from basal cells without special stains, their contribution 
to our counts was ignored. Szabo found the number of mela-
nocytes to be 1100, 1000, and 930/ mm2 for the adult foreru·m, 
thigh and back respectively [23]. Keratinocytes counts in our 
study averaged 47,000/mm2• Therefore, melanocytes in the 3 
body regions studied accounted for approximately 2% of the 
epidermal cells. Frenk and Schellhorn [26] reported a wider 
variation in the number of keratinocytes and melanocytes (3 .0 
to 9.1 x 101/ mm2 and 830 to 2500 respectively), but melanocytes 
s till represented between 1.9 and 2.5% of the cells. The sys-
tematic error of including melanocytes in total keratinocyte 
counts is therefore minimal. The effect on basal cell counts 
would falsely elevate the percentage of basal cells by 2%, from 
29to31%. 
Whitton and Everall [5] determined the epidermal thickness 
in 22 body sites of a large number of normal subjects. They 
found mean epidermal thicknesses, including stratum corneum, 
to be 60.9 fl.; 43.4 fl. and 54.3 fl. for the ru·m, back and thigh 
respectively. Values for stratum corneum thickness, determined 
by Holbrook and Odland [27] (forearm = 14.8 !J., back = 9.6 !J., 
and thigh = 10.9 !J.), were subtracted, giving 46.1 !J. , 33.8 ll and 
43.4 ll for the arm, back and thigh respectively. The similru·ity 
with our data in Table V is striking. 
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In the determination of epidermal reactions to applied stim-
uli both cell volumes and epidermal thickness may serve as the 
primary endpoint [5]. Fisher and Maiback [28] in their assess-
ment of the effect of topical anthralin noted a suppression of 
mitoses at 24 hr, but they also noted that "a doubling of the 
epidermal thickness, probably indicative of initation, had oc-
curred beyond 24 hr after application." The discrepancy be-
tween a decreased mitotic rate and an apparent increased 
number of cells, all within this short period of time, might have 
been explained if counts of cell numbers and cell volumes are 
available. 
Except for the report by Pinkus [9], no data is available on 
the number of cells in the epidermis. He found 71,200 
nuclei/mm2 surface area in the volar forearm of 1 normal 
subject. Our mean counts for all sites in 6 subjects were always 
fewer, ranging between 36,200/mm2 and 58,400/mm2, with one 
measurement as high as 64,100/mm2• We have no explanation 
for this difference. 
Pinkus also determined that 31.2% of nucleated epidermal 
cells were basal. This value is close to ours; in neither case was 
the percentage corrected for the 2% contribution by epidermal 
melanocytes. 
Rowden recently reported cell volume measurements [29] for 
mouse epidermis. In this carefully executed study, mouse epi-
dermal keratinocytes increased 4 times in volume from 140 fl-3 
to 680 !J.3 in the process of maturation from basal cells to 
granular cells. This contrasts with our fmdings in the human 
epidermis reported in Table V. 
Sizing epidermal cells in whole mounts of epidermis and the 
electronic sizing of disaggregated epidermal cells ru·e reliable 
techniques for the assessment of epidermal morphology. Base 
line values for cell volumes, volume changes with maturation, 
and epidermal dimensions have been determined for 3 sites of 
normal skin in middle-aged to elderly men. A greater potential 
for these techniques is in their application to diseases of altered 
epidermal structure. Psoriasis, lichen planus, ichthyosis, B-12 
deficiency anemia, and epidermal changes from antimetabolite 
therapy are several of the disorders in which these 2 methods 
of assessing epidermal structure will play a role. 
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